In this research, the surface hydrophobicity of a mesoporous molecular sieve synthesized from rice husk silica, called 
INTRODUCTION
Nowadays, Mobil composite material number 41 (MCM-41), order mesoporous silica, can be prepared from rice husk silica which is named as (Grisdanurak et al. 2003) . The RH-MCM-41 is categorized as a nanoporous material containing silicate framework like honey comb. Its pore diameter is ranged between 20-30 Å and its surface area is about 700-900 m 2 g -1 (Chiarakorn et al. 2007 ). This material has been introduced to be an alternative adsorbent for the adsorption of various air pollutants, supporting material for catalytic reaction, ion exchange media and filter (Appaturiet al. 2012; Artklaet al. 2009; Beck et al. 1992; Chumeeet al. 2009; Klankawet al. 2012; Tong-On et al. 2009; Wantalaet al. 2010; Yoshitakeet al. 2002; Zhao & Lu 1998) . Nevertheless, it was reported that the hydrophilicity of surface caused low adsorbability when MCM-41 is applied for non-polar volatile organic compounds (VOCs) adsorption under high relative humidity condition (Branton et al. 1999; Idris et al. 2010; Ohashi et al. 1999 ). This is due to the existence of silanol groups (Si-OH) caused by the hydrolysis of siloxane bond (Si-O-Si) on MCM-41 surface. To resolve this drawback, the surface modification via silylation has been introduced. Generally, the silylation is a well-known technique for surface tailoring on several materials containing silanol groups such as MCM-41, MCM-48, SBA-1 and silica gels (Deschner et al. 2010; Koyano et al. 1997; Lin et al. 2008; Yokoi et al. 2004; Yuan et al. 2006; Zhao & Lu 1998) . The common reagents used for the silylation are organosilanes. The silylation reaction takes place by substituting hydroxyl of silanol on MCM-41 surface with hydrophobic alkylsilyl groups (R-Si). It is noticed that the degree of substitution depends on the number of silane leaving groups. We expected that the more alkylsilyl substitution, the more hydrophobicity. However, there are few studies focusing on the silylating techniques and effects of silane functional group on the improvement of hydrophobic surface. For example, Zhao and Lu (1998) modified by trimethylchlorosilane (TMCS) and claimed that the modified MCM-41 was a promising adsorbent for volatile organic compound removal. The study of Patel et al. (2011) also confirmed the enhancement of benzene adsorption in aqueous solution by silylated (Patel et al. 2011 ). Similar to our previous work, we studied the effect of different alkylsilyl groups on the degree of silylation of RH-MCM-41. Trimethylchlorosilane (TMCS) and phenyldimethylchlorosilane (PDMCS) were used as silane precursors and the ex-situ silylation was applied in this study. The results indicated that a small silane, like TMCS, could improve the hydrophobicity of RH-MCM-41 better than PDMS due to less steric hindrance effect (Chiarakorn et al. 2007 ). Ketcome et al. (2009) also followed our silylation technique and reported that toluene adsorption efficiency could be significantly improved by RH-MCM-41 modified with TMCS (Ketcome et al. 2009 ). According to the previous works, the molecular structure of silanes plays the important role in the degree of silylation. We believed that not only the size of alkylsilyl but also the number of leaving groups can affect the silylation reactivity as well as surface properties.
The urban area in Thailand has been seriously affected by indoor air pollutants such as benzene, toluene, ethylbenzene and Xylene (abbreviated as BTEX) which cause diseases including cancer and leukemia to human. Thus, the development of BTEX measurement is urgently required in order to reduce their adverse effects.Thus, this research aimed to study the effect of chlorosilane leaving groups on the silylation efficiency. Three chlorosilanes with different number of chloride leaving groups: Methyltrichlorosilane (MTCS),dimethyldichlorosilane (DMDCS) and trimethylchlorosilane (TMCS) were used as silane reagents. The chemical structures of the silanes were shown in Table 1 . The physical and chemical properties of the silylated RH-MCM-41 such as crystallinity, hydrophobicity, porosity and alkylsilyl loading were investigated. The improvement of hydrophobicity was determined by the BTEX adsorption efficiency.
MATERIALS AND METHODS

CHEMICALS AND REAGENTS
All analytical grade reagents used in this study were sodium hydroxide (NaOH ≥95%, Merck), hydrochloric acid (HCl 37%, Merck), ethanol (C 2 H 5 OH 99.8%, Merck), cetyltrimethylammonium bromide (CTAB) ([C 16 H 33 N(CH 3 ) 3 ]Br 96%, Fluka), methyltrichlorosilane (MTCS 98%, Fluka), dimethyldichlorosilane (DMDCS 98%, Fluka) and trimethylchlorosilane (TMCS 95%, Fluka).
SYNTHESIS OF RH-MCM-41
In this study bio-silica was used as a silica source for RH-MCM-41 synthesis. The rice husk silica was prepared by the acid extraction adapted from Yalcin and Sevinc (2001) and Boonpoke et al. (2011) . Rice husk obtained from rice mill was boiled in 1 MHCl at 80°C for 1 h. Then, the pretreated rice husk was washed with deionized water and then calcined in a muffle furnace at 650°C for 4 h. The extracted rice husk silica was mixed with sodium hydroxide and cetyltrimethylammonium bromide (CTAB), which was used as a cationic template, with the molar composition of 1 SiO 2 : 1.09 NaOH: 0.13 CTAB: 120 H 2 O. The pH of solution was controlled at 10 and then the solution was stirred for 48 h at room temperature under atmospheric condition (Chiarakorn et al. 2007; Grisdanurak et al. 2003) . The white suspended solid was filtered, rinsed with ethanol and distillated water and then calcined at 550°C for 5 h. After the synthesis, the physical and chemical Chiarakorn et al. (2007) and Zhao and Lu (1998) . The 1 g of was degassed at 200°C for 2 h and then placed in 100 mL of 5% v/v of each silane reagent. The silylation was carried out at 30ºC for 24 h in a closed glass bottle. The properties such as crystallinity, porosity and surface functional groups of the RH-MCM-41 before and after the silylation were comparatively examined.
CHARACTERIZATIONS
The characteristics of the extracted rice husk silica, the unsilylated and silylated RH-MCM-41 were studied by various techniques as follows. The crystallinity was characterized by X-ray Diffraction (XRD) spectrometer (D8 Advance with Eulerian Cradle; Bruker) with CuKα 40kV, 40 mA as a radiation source with the scanning at 2θ radiation in the range from 10° to 35° for silica and 1° to 8° for RH-MCM-41. The mineral content of the extracted silica was analyzed by Wavelength Dispersive X-Ray Fluorescence (XRF) Spectrometer (WDXRF PW2400). The dried sample was mixed with boric acid then pressed at 30 Nm -2 to make the pellets. Then, the semi-quantitative (standardless) elemental analysis was performed with Rh as the X-ray source and the current of 100 mA and 24 kV. The changes of functional groups covering on RH-MCM-41 before and after silylation were analyzed by Fourier Transform Infrared Spectrometer (FTIR) (Spectrum one, Perkin Elmer, GX). The mid-infrared radiation wavenumber was scanned in the region of 400 to 4000 cm -1 . The N 2 adsorption-desorption isotherm, surface area, pore diameter and pore volume of the RH-MCM-41 samples were estimated by Autosorb-1 chrantachrome, BEL model (BELSORP-miniII, Osaka, BEL Japan Inc.). The volume of N 2 adsorbed over the relative pressure (P/P 0 ) of 0.05-0.35 was used to calculate the surface area, following the Brunaure-Emmett-Teller (BET) equation. The pore size distribution (PSD) curve was plotted by Naono's model, which was especially developed for mesoporous materials (Hakuman & Naono 2001) .
The loading of alkylsilyl groups (R-Si) on the RH-MCM-41 surface was calculated in terms of the surface grafting (Γ) and the surface density (α) via Liu's method (Liu et al. 2004) . The percentage of carbon content was obtained from the ultimate analysis. The loading of surface grafting (Γ) was calculated in the unit of millimole of alkylsilyl groups per gram of silicon dioxide (mmol g -1 SiO 2 ) and the surface density of the loaded alkylsilyl groups (α) in the unit of groups nm -2
ADSORPTION OF BTEX GASEOUS PHASE
The improvement of hydrophobicity of the silylated RH-MCM-41 was confirmed by the BTEX adsorption. The adsorbents were degassed at 200°C for 2 h. The 10 mg of degassed adsorbents were placed into the 16000 mL closed chamber containing 1000 ppm of the mixed BTEX gas for 24 h. The effect of humidity on the adsorbability of the silylated RH-MCM-41 was carried out under various relative humidity; 25, 70 and 99%. After the adsorption equilibrium, the adsorbed amount was desorbed by thermal desorption unit (UNITY 2 TM thermal desorber, Marks) directly to gas chromatography-flame ionization detector (GC-FID) model The crystallinity of rice husk silica (RH-silica) extracted with 1 M of HCl for 1 h was characterized by XRD as shown in Figure 1 . The diffractogram of the extracted silica showed a broad peak at 2θ equal to 23 which exhibited as amorphous form. Some oxide compounds consisting in the extracted rice husk silica was observed by XRF as shown in Table 2 The Alkylsilyl Groups Loading Calculation The amount of alkylsilyl groups loading after the silylation was determined by elemental analysis. The surface grafting (Γ) and the surface density (α) of the loaded functional groups on the RH-MCM-41 were calculated for all silylated samples based on carbon contents as shown in Table 3 . It is observed that the surface grafting and surface density of the MTCS-M is the highest. The number of leaving groups plays more significant role in the silylating process. This result is in accordance with our hypothesis that silane containing more leaving groups might exhibit higher degree of silylation as shown in Figure 2 . In addition, larger molecular size of alkylsilane (DMDCS and TMCS), one silane group reacted with only one or two Si-OH groups due to the hindrance of larger-silane groups, resulting in less amount of degree of silylation. This result also agrees with the report of Shimojima et al. (2001) , who concluded that the long-alkyl chain gave the disturbing to the degree of silane reaction with Si-OH onto silicate surface. On the other hand, the decrease of surface area and pore volume were also in agreement with the trend of alkylsilyl loading.
The Crystallinity Analysis The results from previous section indicated that some alkylsilyl groups have grafted on the surface of RH-MCM-41. Thus, the influence of grafted alkylsilyl compounds on the properties of RH-MCM-41 were interesting to characterize the crystallinity transformation. The crystallinity of the unsilylated and silylated RH-MCM-41 was studied by XRD technique. Figure 3 showed the XRD diffractograms of RH-MCM-41 and RH-MCM-41 silylated with different silane reagents. All samples exhibited four diffraction peaks as the same pattern of ordered hexagonal arrays of mesoporous material, which commonly appears at 2θ equal to 2.3°, 4.1°, 4.7° and 6.1°, referred to the hkl reflection planes 100, 110, 200 and 210, respectively. However, the intensity of the main peak (2θ = 2.3°) of the silylated S BET : BET surface area (from N 2 adsorption isotherm) V total : total pore volume (from N 2 adsorption isotherm) D p : mean pore diameter (from Naono's equation) W: pore wall thickness (W = a 0 -Dp), a 0 is unit cell parameter of the hexagonal pore of MCM-41 samples was slightly decreased. This is likely due to the organosilanes moieties filling up in the hexagonal pores, which leads to the change of surface area, pore volume and pore wall thickness (Burleigh et al. 2001; Lang & Tuel 2004) . The XRD results were evident that the hexagonal pore structure of the silylated RH-MCM-41 under condition used in this study was not affected by silane reagents. The influence of silanes was only on the surface activity, like the porosity properties of RH-MCM-41.
The Functional Analysis The functional analysis was done to confirm the presence of alkylsilyl grafting on the RH-MCM-41. The FTIR spectrums of RH-MCM-41 before and after silylation were illustrated in Figure 6 and the positions of FTIR spectrum belonging to each silane reagents were listed in Table 4 . The FTIR spectrum pattern of showed a peak at 963 cm −1, belonged to terminal ν (Si-OH), a sharp band of free Si-OH at 3446 cm -1 and a broad peak of hydrogen-bonded SiO-H at 3600-3500 cm -1 . After silylation, the existence of silane functional groups bonding with Si-OH on the RH-MCM-41 surface was detected. The TMCS-M had the peak of Si(CH 3 ) 3 at 845 cm -1 while the MTCS-M and DMDCS-M showed the asymmetric bending and stretching C-H of methyl group (CH 3 ) at 2960 cm -1 . Moreover, it was obviously seen that the intensity of Si-OH The Porosity Analysis The N 2 adsorption-desorption isotherms and pore size distribution of the unsilylated and silylated RH-MCM-41 were presented in Figures 4 and 5, respectively. The adsorption isotherm can infer to pore arrangement and interaction between adsorbent and adsorbate. According to IUPAC, the unsilylated RH-MCM-41 and TMCS-M exhibited Type IV isotherm, which is the characteristic of ordered mesoporous structure. Considering at p/p0 equal to zero, nitrogen molecules attached on the sample surface as a monolayer due to van der Waals force. In case of Type IV isotherm, the steep curve due to capillary condensation was commonly found in a range of p/p 0 0-0.1 and the stepwise of multilayer adsorption isotherms distinctly appeared at p/p 0 0.1-0.3. While DMDCS-M and MTCS-M gave smooth isotherms, determined as Type II, which shows low adsorbability even increasing partial pressure without stepwise of multilayer adsorptions. And there are no hysteresis loop appeared in all isotherms. This result can be explained that pore blocking might occur when the RH-MCM-41 was silylated by silanes containing many leaving groups, like DMDCS and MTCS. The more chloride leaving groups, the more surface silylating into the pore channel. The silanol groups (Si-OH) was replaced by alkylsilyl groups inside and outside the pores, resulting in the decrease of pore volume, pore diameter and surface area as seen in Table 3 . This result was in agreement with Yoshitake et al. (2002) . symmetric stretching vibration at 963 cm -1 was decreased significantly because the Si-OH groups were substituted with alkylsilyl groups (R-Si-) and the peaks at 800 cm −1 and 1082 cm −1 due to symmetric and asymmetric ν (Si-O-Si) were increased. This was evident that the surface silylation took place under the condition in this study.
The Effect of Humidity on BTEX Adsorption
The amounts of mixed BTEX adsorbed on the unsilylated and silylated RH-MCM-41 under various relative humidity; 25, 70 and 99% were presented in Figure 7 . These results indicated that relative humidity affects the BTEX adsorption efficiency. The adsorption capacity of the unsilylated and silylated RH-MCM-41 was decreased under high relative humidity adsorption. It was obviously seen that the unsilylated sample adsorbed BTEX gas less than the others. The maximum BTEX adsorption capacity belonged to TMCS-M with the adsorbability of 123.2 μmol of BTEX per g of TMCS-M at 25% relative humidity and 91.2 μmol of BTEX per g of TMCS-M at 99% relative humidity.
After silylation, the BTEX adsorption efficiencies of the silylated samples were improved significantly due to the increasing of the surface hydrophobicity. Surprisingly, TMCS-M exhibited the highest BTEX adsorption capacity even though its alkylsilyl loading on the MCM-41 surface was the lowest. The BTEX adsorption capacity of TMCS-M was more than a factor of two compared with the unsilylated adsorbent. This phenomenon can be explained that more leaving groups led to better silylation reactivity but lower BTEX adsorbability due to pore blocking resulting to the decrease of pore volume and surface area. Moreover, the unreacted chlorine composed in di and trichlorosilane . BTEX adsorption on RH-MCM-41 before and after silylation with various silane reagents at 25, 70 and 99% relative humidity molecules might be hydrolyzed to Si-OH, increasing surface hydrophilicity (Fujita et al. 2005 (Fujita et al. , 2003 Ogawa et al. 1998; Okutomo et al. 1999 ). Thus, it was recommended that TMCS was a promising silane for the application of silanol (Si-OH) removal. In other words, TMCS was able to improve surface hydrophobicity of RH-MCM-41. However, in case of increasing non-polar VOCs adsorbability of RH-MCM-41, the effect of silylation degree and pore blocking should be taken into account. A small silane, like MTCS, was recommended for surface modification in order to avoid decrease in pore volume and surface area of the adsorbent. Humidity was another important factor affecting the BTEX adsorbability of the unsilylated and silylated RH-MCM-41. The severe competition between water and BTEX molecules adsorbing on RH-MCM-41 took placed under high humid condition. This was because polar-polar interaction was more preferable than non-polar and polar interaction. The strong hydrogen bonding between water molecules and hydroxyl in silanol (Si-OH) was an obstacle for the adsorption of non-polar VOCs. When the relative humidity increased from 25 to 99%, the BTEX adsorption capacity of the unsilylated RH-MCM-41 was dropped a half while the BTEX adsorption capacity of all silylated RH-MCM-41 was decreased in range of 20-30%. This was indicated that the influence of humidity on the BTEX adsorption was relieved after silylation.
The adsorption capacity of each BTEX compounds on the unsilylated and silylated RH-MCM-41 was displayed in Figure 8 . After silylation, the BTEX adsorbability of RH-MCM-41 was improved significantly, especially for ethylbenzene and m-p xylene. The adsorption performances were in order of m,p-xylene ≈ethylbenzene> o-xylene > toluene > benzene, which are directly proportional to their molecular weights but inversely proportional to their water solubility (hydrophilicity) as shown in Table 5 . The adsorption of BTEX onto modified surface of was determined as physical adsorption, in which the van der waals force is dependent on the molecular weight of adsorbate (Liao et al. 2008) . This result indicated the successful hydrophobicity enhancement on surface.
The Adsorption Kinetic of Unsilylated and TMCS-EX The BTEX (1000 ppm for each chemical) was prepared in 4200 mL of container. The time to reach equilibrium adsorption was investigated by carrying out kinetic experiments. Typically, 100 mg of pelletized samples were taken in stainless steel net cylinder and taken in the Radiello's yellow cartridge container. The sample cylinders were collected as a function of time (every 10 min of 1st hour and every hour since 2nd hour) and then the amount of BTEX adsorption on adsorbents were directly Figure 9 . The initial adsorption rate is fast with the larger number of active sites availability then it is slow after 6 h for unsilylated and 10 h for TMCS-Ex. However, 8 h was used as contact time to analyse the BTEX adsorption which is the work period of worker. The kinetic parameters of BTEX adsorption onto RH-MCM-41 and TMCS-Ex were given in Table 6 . Considering rate constant (k 1 , k 2 and k int ) of RH-MCM-41 and TMCS-Ex, the adsorption rate constants increased after modifying RH-MCM-41 surface via ex-situ silylation. This result is due to high adsorption feasibility between BTEX molecules and organic moiety on TMCS-Ex surface. The correlation coefficients () for the pseudo-first-order kinetic model was less than the pseudo-second-order kinetic model. It means that this adsorption process on both adsorbent was not matched by the pseudo-first-order. On the other hand, it is best fitted with pseudo-second-order kinetic model. In addition, the calculated q e-2 values of TMCS-Ex is in agree with experimental q e values and also the correlation coefficients for the pseudo-second-order kinetic plots were very high.
The uptake rates of the BTEX into the adsorbents followed intraparticle diffusion model (Weber-Morris model kinetic) with time half of lives (t 1/2 ) in the range of 2-30 min 1/2 at 30°C (Table 7) . The TMCS-Ex show faster uptake rate than RH-MCM-41, thus indicated that the organic moieties substitution to silanol groups on RH-MCM-41 play an important role on the uptake efficiency.
The diffusion of BTEX into the adsorbent can appear in several steps. After the BTEX adsorption process on external surface and surface diffusion were completely saturated, the BTEX molecule diffused into the mesoporous pore of adsorbents. After long time diffusion, the BTEX molecule resistance increased causing the decrease of diffusion rate. The initial adsorption rate of intraparticle diffusion rate (k int-1 ) was increased with the increase of BTEX adsorption efficiency of adsorbent. So, k int-1 of TMCS-Ex exhibited slightly larger than that of unsilylated indicating that BTEX likes to diffuse into TMCS-Ex pores more than RH-MCM-41 pores. Thus, the modification surface via silylation can improve the BTEX adsorbability. The Isotherm Adsorption Ofunsilylated and TMCS-EX Adsorption isotherm experiments were determined in 4200 mL of container. Each container had the each components of BTEX in different concentration: 100, 250, 500, 750, 1000, 2000, 3000, 4000 and 5000 ppm with the contact time 8h-TWA for workday. The adsorption isotherm of BTEX were illustrated in Figure  10 as millimole of each component of BTEX adsorbed per unit weight of TMCS-Ex, plotted as a function of BTEX concentration in the vapor phase. Adsorption isotherm of BTEX onto TMCS-Ex presented the equilibrium concentration of TMCS-Ex which was nonlinear with curvatures concave to the abscissa. The amount of BTEX adsorption on TMCS-Ex increased with the increasing of BTEX concentration. For comparison, m,p-Xylene and ethylbenzene adsorption on TMCS-Ex gave the largest capacity according to the decrease in solubility and increase in molecular weight. On the other hand, the adsorption capacity gave lowest for benzene and toluene, which were directly opposite with the molecular weight.
CONCLUSION
The BTEX adsorption capacity of RH-MCM-41 can be improved by silylation technique. Silane leaving groups plays the important role in the degree of silylation. However, an increase in the degree of silylation leads to a decrease in the adsorbent porosity, which adversely affects the adsorption capacity for non-polar volatile organic compounds. Humidity is another parameter resulting in the reduction of BTEX adsorption capacity. To enhance the BTEX adsorbability and reduce the effect of humidity, TMCS, a small silane molecule consisted of one chloride leaving group, is a promising reagent for the surface silylation of siliceous mesoporous silica. The result from this study can be further applied for the relevant applications such as materials used as a stationary phase in gas chromatography, air sampler and catalytic support. 
